Although the selection of coding genes during plant domestication has been well studied, the evolution of MIRNA genes (MIRs) and the interaction between microRNAs (miRNAs) and their targets in this process are poorly understood. Here, we present a genome-wide survey of the selection of MIRs and miRNA targets during soybean domestication and improvement. Our results suggest that, overall, MIRs have higher evolutionary rates than miRNA targets. Nonetheless, they do demonstrate certain similar evolutionary patterns during soybean domestication: MIRs and miRNA targets with high expression and duplication status, and with greater numbers of partners, exhibit lower nucleotide divergence than their counterparts without these characteristics, suggesting that expression level, duplication status, and miRNA-target interaction are essential for evolution of MIRs and miRNA targets. Further investigation revealed that miRNA-target pairs that are subjected to strong purifying selection have greater similarities than those that exhibited genetic diversity. Moreover, mediated by domestication and improvement, the similarities of a large number of miRNA-target pairs in cultivated soybean populations were increased compared to those in wild soybeans, whereas a small number of miRNA-target pairs exhibited decreased similarity, which may be associated with the adoption of particular domestication traits. Taken together, our results shed light on the co-evolution of MIRs and miRNA targets during soybean domestication.
INTRODUCTION
Domestication was one of the most important events during the development of agriculture (Diamond, 2002) . Archaeologists and geneticists have made considerable efforts to understand when, where, why and how wild species became modern cultivated species. It is commonly believed that the start of plant and animal domestication may be traced back to the end of the most recent ice age (12 000-11 000 years ago) (Meyer et al., 2012; Meyer and Purugganan, 2013; Fuller et al., 2014; Larson et al., 2014) . Although domestication may have occurred at different independent locations, similar modifications of a set of traits may be observed in different species, which is well known as 'domestication syndrome' (Hammer, 1984) . In plants, these features include seed dispersal, seed dormancy, organ size and harvest index. Compared to their progenitors, food crops typically exhibit reduced capabilities for seed dispersal, weaker physical and chemical defenses, development of unproductive side shoots, and reduced seed dormancy; however, they tend to have larger seeds and more predictable and synchronous germination (Hammer, 1984) . In addition to these common 'domestication syndrome' traits, other traits have been specifically selected in particular species or by particular cultures, such as aromatic grains in maize (Zea mays) (Grobman et al., 2012) , oil content in soybean (Glycine max) (Zhou et al., 2015) , and sticky grains in various crops (Wang et al., 1995; Fasahat et al., 2014) .
In terms of biology, domestication is a process of genetic modification of wild species into cultivated species to meet human needs. During domestication, only limited numbers of the best lines are used for breeding of the next generation. Accordingly, the genes responsible for desirable phenotypes have experienced strong selection, resulting in greatly reduced genetic diversity in cultivated populations (Wright and Gaut, 2005; Doebley et al., 2006) . Pairs of these domestication-relevant genes have been isolated through fine mapping of quantitative trait loci (Gregory, 2009; Meyer and Purugganan, 2013) . The utilization of genetic variations or new alleles of the domesticated genes has greatly benefited modern predictive crop breeding (Gepts, 2002; Varshney et al., 2005; Asano et al., 2007; Dillon et al., 2007; Hake and Ross-Ibarra, 2015) . With the rapid development of next-generation sequencing technology, powerful genomic approaches, such as genetic diversity and linkage disequilibrium analyses as well as genome-wide association studies, have been used to screen for selective sweeps or genes at a genome-wide level, and large numbers of protein-coding genes that have undergone selection during plant domestication have been identified from various species (Huang et al., 2010 (Huang et al., , 2012 Lam et al., 2010; Hufford et al., 2012; Xu et al., 2012; Jia et al., 2013; Li et al., 2013; Morris et al., 2013; Qi et al., 2013; Lin et al., 2014; Shang et al., 2014; Zhou et al., 2015) .
MicroRNAs (miRNAs) are a class of small regulatory RNAs that exist universally in plants and animals. In general, miRNAs function as crucial regulators that repress expression of their target genes at the transcriptional or post-transcriptional level (Carrington and Ambros, 2003; Ambros, 2004; Bartel, 2004; Chen, 2005) . Similar to genes, miRNAs are involved in diverse biological processes, such as growth, development and stress responses (JonesRhoades et al., 2006; Ambros and Chen, 2007; Li and Mao, 2007; Zhang et al., 2007) . Recently, miRNAs have also been shown to play important roles in regulating agronomically important traits in crops, such as ideal plant architecture in rice (Jiao et al., 2010; Miura et al., 2010) and nodule formation in soybean . Moreover, when OsmiR397 was over-expressed, it improved rice yield by increasing grain size and promoting panicle branching . Studies have suggested that MIRNA genes (MIRs) undergo frequent birth and death process during genome evolution (Fahlgren et al., 2007 (Fahlgren et al., , 2010 Abrouk et al., 2012; Meunier et al., 2013; Zhou et al., 2013) . In addition, to maintaining their regulatory functions, miRNAs have been forced to co-evolve with their target genes when the targets experience functional divergence (Felippes et al., 2008) . In particular, similar to protein-coding genes, the evolution of miRNAs may be affected by genomic features (Maher et al., 2006; Axtell and Bowman, 2008; Zhao et al., 2015b) . Therefore, it may be suggested that miRNAs, like coding genes, also experienced selection during domestication. Understanding the role of miRNAs in domestication may help to answer fundamental biological questions while also enhancing our ability to engineer crops in precise ways (Maher et al., 2006) . Nevertheless, a genome-wide dissection of miRNA selection during crop domestication and an understanding of how miRNAs interact with their target genes during this period have not been achieved.
In this study, we comprehensively investigated singlenucleotide polymorphisms (SNPs) in miRNAs and in miRNA targets using 302 re-sequenced soybean accessions (Glycine max [L.] Merr.). Our results revealed that most miRNAs and miRNA target sites experienced strong natural selection during soybean domestication and improvement. Further analyses suggested that their selection was associated with their duplication status and miRNA-target interaction, and was correlated with flanking genomic features. Interestingly, the matching rate (similarity) between an miRNA and its target also played an important role in their evolution. Our results indicate the detailed evolutionary patterns of MIRs and miRNA targets during soybean domestication, and reveal potential influential factors.
RESULTS

Overview of functional miRNAs in the soybean genome
In previous study, a total of 28 281 MIR-like hairpins were identified in soybean (Glycine max [L.] Merr.). Investigation of their expression suggested that most of them had evolved into pseudo-MIRs that lack activity (Zhou et al., 2013) . In the present study, to investigate the co-evolution of MIR and microRNA (miRNA) targets during soybean domestication and improvement, only the 2787 functional MIRs that have a typical structure and produce active mature miRNAs were considered (Table S1 ). These MIRs included all those reported in miRBase (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006 Kozomara and Griffiths-Jones, 2011) , excluding those with atypical structures (see Experimental procedures).
Based on miRNA sequence similarity (Griffiths-Jones, 2003; Li and Mao, 2007) , 1475 MIRs were assigned to 403 families, and termed multiple-member (MM) MIRs; the others only had a single member in each family and were termed single-member (SM) MIRs (Table S1 ). The miRNAs of MM MIRs exhibited higher expression than those of SM MIRs (Student's t test, P < 10 À3 ) (Figure 1a ). It has been reported that the soybean genome underwent two wholegenome duplications during the last 60 million years, which resulted in large numbers of duplicated fragments in the genome (Schmutz et al., 2010) . We determined that 222 duplicated MIRs (111 pairs) were generated from the last whole-genome duplication. Similar to the duplicated genes, the duplicated MIRs were found to be randomly distributed across the genome ( Figure S1 ). We observed that the duplicated MIRs showed significantly higher expression of their corresponding miRNAs than the singleton MIRs (Student's t test, P < 2.2 9 10 À16 ) ( Figure 1b) .
Characterization of various categories of functional miRNAs and miRNA targets
To identify the targets of the miRNAs, we grouped 12 samples from various developing stages into four mixed samples, and used them to construct degradome libraries (see Experimental procedures). The libraries were sequenced using an Illumina HiSeq 2000 analyzer. More than 44.98 million clean reads were obtained, and 34.52 million reads were mapped to soybean cDNAs (Table S2 ). The mapped reads were used to identify miRNA targets using the CleaveLand4 pipeline (Addo-Quaye et al., 2009) . Combining our data with data from previous studies (Song et al., 2011; Zhai et al., 2011; Hu et al., 2013; Arikit et al., 2014; Zhao et al., 2015a) , we determined that 1417 genes were targeted by 1119 MIRs. The target sites were mainly located in the coding sequence, with small portions in the 3 0 UTR and 5 0 UTR ( Figure S2a) . A similar pattern was observed when the reported target sites from miRBase were examined ( Figure S2b ). The relationships between miRNAs and their targets were complicated, and were classified into several different types (Figure 1c ). The simplest relationship is one miRNA and one gene (m1 versus g1). However, most cases involved one miRNA and multiple genes (m4 versus g3 and g4), multiple miRNAs and one gene (m2 and m3 versus g2), or multiple miRNAs and multiple genes (m5-7 versus g5-7).
To investigate whether there are any characteristic differences among the various categories of miRNAs, we classified them into a no-target group (m0), one-target groups Based on their number of targets, the miRNAs were classified into a no-target group (m0), one-target groups (m1-m3) and multiple-target groups (m4-m7). Based on the number of miRNAs targeting a gene, the miRNA targets were classified into targeted-by-one groups (g1, g3 and g4) and targetedby-multiple groups (g2 and g5-g7). (m1-m3) and multiple-target groups (m4-m7), and found that the expression level of multiple-target miRNAs was significantly higher than that of one-target and no-target miRNAs (Tukey HSD test, P < 10 À7 ) (Figure 1d ). Because MM MIRs expressed miRNAs at higher levels than SM MIRs (Figure 1a) , we assumed that there may be more multiple-target miRNAs among the MM MIR families. Therefore, we calculated the percentage of no-target, onetarget and multiple-target miRNAs in the SM and MM MIRs, respectively. As expected, we found that the percentage of multiple-target miRNAs in MM MIRs was significantly higher than that in SM MIRs (20% versus 12%, v 2 test, P = 1.22 9 10 À8 ) (Figure 1e ). Similarly, we found that the percentage of multiple-target miRNAs in duplicated MIRs was significantly higher than that in singleton MIRs (69% versus 12%, v 2 test, P < 2.2 9 10 À16 ) (Figure 1f ).
Similar to the approach for miRNAs, we classified all miRNA target genes into targeted-by-one (g1, g3 and g4) and targeted-by-multiple (g2 and g5-g7) groups. The expression levels of the target genes were investigated using our previous transcriptome data (Shen et al., 2014) , and no significant differences were detected between these two categories (Student's t test, P = 0.65) (Figure 1g ). Interestingly, we found that, among the 1417 miRNA target genes, 181 were annotated as encoding a transcription factor (TF). The proportion of TFs in miRNA target genes was significantly higher than the proportion of TFs in the entire genome (12.77% versus 6.65%, v 2 test, P < 2.2 9 10
À16
). When the proportion of TF genes (number of TF genes/total number of genes) was further investigated in various categories of target genes, we found that the proportion of TFs was significantly higher in targeted-by-multiple target genes than in targeted-by-one target genes (v 2 test, P < 2.2 9 10 À16 ) ( Figure 1h ). Consistently, gene ontology (GO) analysis (Du et al., 2010) showed that genes related to transcription regulation were enriched in the targetedby-multiple group ( Figure S3 ), suggesting that TF genes are more likely to be regulated by multiple miRNAs.
Genetic diversity and natural selection of mature miRNAs
It has been suggested that cultivated soybean was domesticated from wild soybean (G. soja Sieb. & Zucc.) in China 5000 years ago, and that the plant has been further improved through breeding since the beginning of the last century (Zhao and Gai, 2004) . We previously re-sequenced 302 wild, landrace and improved soybean accessions (Zhou et al., 2015) . In the present study, we calculated the SNP density of the mature miRNA sequences in these populations, and found that the SNP density of miRNAs was much higher than that of their flanking regions (Student's t test, P < 2.2 9 10 À16 ) ( Figure 2a ), suggesting that the miRNAs experienced faster evolutionary rates than the genome. Further investigation showed that the evolutionary rate of miRNAs was associated with family size, target gene number and duplication status. The miRNA SNP density of MM MIRs was significantly lower than that of SM MIRs (Student's t test, P = 5.42 9 10 À4 ) (Figure 2b ), and the SNP density of multiple-target miRNAs was significantly lower than that of no-target and one-target miRNAs (Tukey HSD test, P < 10 À5 ) ( Figure 2c ). We found that the SNP density of multiple-target miRNAs was even lower than that of their flanking regions (Student's t test, P = 0.03). Moreover, the miRNA SNP density of duplicated MIRs and singleton MIRs presented opposite patterns ( Figure 2d ): in duplicated MIRs, it was lower than that of their flanking regions (Student's t test, P < 2.2 9 10 À16 ), whereas, in singleton MIRs, it was higher than that of their flanking regions (Student's t test, P < 2.2 9 10 À16 ). The above results showed that the expression levels of MM, multiple-target and duplicated miRNAs were higher than those of SM, no-target/one-target and singleton miRNAs, respectively (Figure 1a, b, d) . We speculated that the evolutionary rate of miRNAs may be related to their expression level. Therefore, we performed correlation analysis between miRNA SNP density and miRNA expression. The results revealed that they were negatively correlated (Pearson's productmoment correlation, P < 10 À4 ) (Table S3 ).
Mutations frequently occur during genome evolution, and may be beneficial, neutral or harmful to the organism. In nature, most deleterious mutations are eliminated, whereas beneficial mutations are retained through positive selection (Assis and Kondrashov, 2014) . We found that 59% of the miRNAs in the 302 re-sequenced populations lacked genetic diversity (termed 'without-SNP miRNAs'); the other 41% did present genetic diversity (termed 'with-SNP miRNAs') ( Figure S4a ). The without-SNP miRNAs may be considered to have experienced strong purifying selection. We found that the without-SNP miRNAs were more highly expressed than the with-SNP miRNAs (Student's t test, P < 2.2 9 10 À16 ) ( Figure 3a) . The ratio of without-SNP miRNAs to with-SNP miRNAs differed depending on the category of MIR. It was slightly higher for MM MIRs compared to SM MIRs (Figure 3b ). However, this ratio was significantly different between duplicated and singleton MIRs. Almost 87% of the mature miRNAs derived from duplicated MIRs belonged to the without-SNP miRNA group, which was significantly higher than that observed for mature miRNAs derived from singleton MIRs (v 2 test, P < 2.2 9 10 À16 ) ( Figure 3c ). In addition, the multiple-target miRNAs included more without-SNP miRNAs than the no-target and one-target miRNAs (v 2 test, P = 1.35 9 10 À6 ) ( Figure 3d ). Therefore, we concluded that the lower miRNA SNP density among the MM, duplicated and multiple-target miRNAs was caused by a higher percentage of without-SNP miRNAs.
To eliminate the influence of these without-SNP miRNAs, we calculated the SNP density of various categories of miRNAs using only the dataset for with-SNP miRNAs. The results show that the overall SNP density of with-SNP miRNAs was significantly higher than that of their flanking regions (Student's t test, P < 2.2 9 10 À16 ) ( Figure S5a ).
However, no significant difference was detected between MM and SM miRNAs (Student's t test, P = 0.95) ( Figure S5b ). In addition, the SNP densities of multiple-target ( Figure S5c ) and duplicated ( Figure S5d ) miRNAs were not lower than the SNP densities of their flanking regions. However, consistent with the above results, the miRNA SNP densities for multiple-target miRNAs and duplicated miRNAs were still lower than those for one-target miRNAs (Tukey HSD test, P = 0.027) ( Figure S5c ) and singleton miRNAs (Student's t test, P = 0.0037) ( Figure S5d ), respectively. These results demonstrate that, overall, miRNAs exhibited higher evolutionary rates than flanking regions during genome evolution, and selection of miRNAs was correlated with their characteristics, particularly duplication status and the number of targets. Previous studies have demonstrated that local genomic features affect genome stability and gene evolution (Rizzon et al., 2002; Gaut et al., 2007; Tian et al., 2009 Tian et al., , 2012 Du et al., 2012) . To assess whether local genomic features were associated with the natural selection of miRNAs, these features were compared between the without-SNP and with-SNP miRNA groups. We found that the distance to a transposable element (TE) was significantly higher for without-SNP miRNAs than for with-SNP miRNAs (Student's t test, P = 3.13 9 10 À6 ) (Figure 3e ). In addition, the genetic recombination (GR) rate of without-SNP miRNAs was slightly higher than that of with-SNP miRNAs (Student's t test, P = 0.015) (Figure 3f ). No significant difference in flanking GC content was detected between the without-SNP miRNAs and the with-SNP miRNAs (Table S4 ). These results suggest that distance to a TE and the GR rate may be important genomic components influencing the natural selection of MIRs in soybean. Plant miRNAs contain both 21 and 22 nt RNAs. Although the enzymes that produce them overlap and they both function in a post-transcriptional manner by repressing the expression of their target genes, 22 nt miRNAs differ from 21 nt in triggering secondary siRNA biogenesis Zhai et al., 2011) . We further investigated the SNP densities of the 21 and 22 nt miRNAs, respectively. Surprisingly, we found that the SNP density of 21 nt miRNAs was significantly lower than that of the 22 nt miRNAs (Student's t test, P = 9.23 9 10 À7 ) ( Figure S6a ). When only the with-SNP categories were considered, no significant difference was found (Student's t test, P = 0.70) ( Figure S6b ). We found that 21 nt miRNAs had a higher percentage of without-SNP MIRs (v 2 test, P = 3.15 9 10 À10 ) ( Figure S6c ), MM MIRs (v 2 test, P = 4.36 9 10 À3 ) ( Figure S6d ), duplicated
MIRs (v 2 test, P < 2.2 9 10 À16 ) ( Figure S6e ) and multipletarget MIRs (v 2 test, P = 3.29 9 10 À7 ) ( Figure S6f ) than 22 nt miRNAs. In agreement, the 21 nt miRNAs exhibited a higher expression level (Student's t test, P = 7.28 9 10 À4 ) (Fig- ure S6g), a higher distance to a TE (Student's t test, P < 2.2 9 10 À16 ) ( Figure S6h ) and a higher GR rate (Student's t test, P < 2.2 9 10 À16 ) ( Figure S6i ) than 22 nt miRNAs. The results are consistent with the above analyses, further confirming that the evolutionary rate of miRNA is correlated with family size, duplication status, number of targets, expression level and genomic features.
Genetic diversity and natural selection of miRNA binding sites
Because mature miRNAs often function by interfering with the expression of target mRNAs (Carrington and Ambros, 2003; Bartel, 2004) , we investigated SNP variation among miRNA target genes. Our main purpose in this study was to assess the co-evolution of miRNAs and their targets; therefore, we focused on the genetic diversity of miRNA binding sites in miRNA target genes. In contrast to what was observed with mature miRNAs, the SNP density of the miRNA binding sites was much lower than that of the flanking regions (Student's t test, P = 8.57 9 10 À12 ) (Figure 4a ), and we found that the SNP density of the targeted-by-multiple genes was lower than that of the targeted-by-one genes (Student's t test, P = 0.021) (Figure 4b) . Similar to what was observed with MIRs, duplicated genes exhibited a lower SNP density than singleton genes (Student's t test, P = 2.73 9 10 À9 ) (Figure 4c ). These results indicate that, although MIRs and miRNA targets may experience differential evolutionary rates, both were correlated with duplication and miRNA-target targeting status in the same manner.
We found that 73% of all miRNA target genes assessed showed no genetic diversity at miRNA binding sites (Figure S4b) . This proportion was significantly higher than the proportion of MIRs that showed no genetic diversity (v Co-evolution of MIRNA and miRNA targets in soybean 401 test, P < 2.2 9 10 À16 ) ( Figure S4a) . The miRNA target genes that did not present any genetic diversity at miRNA binding sites were termed without-SNP genes; the other miRNA target genes were termed with-SNP genes. The without-SNP genes may be considered to have experienced strong natural selection at the miRNA binding site. The expression level of without-SNP genes was significantly higher than that of with-SNP genes (Student's t test, P = 4.73 9 10 À13 ) (Figure 5a ), and the ratio of without-SNP to with-SNP genes was significantly higher among duplicated genes than among singleton genes (v 2 test, P = 7.92 9 10 À11 ) ( Figure 5b ). The ratio of without-SNP to with-SNP genes was slightly higher among targetedby-multiple genes than among targeted-by-one genes; however, the difference was not significant (v 2 test, P = 0.3571) (Figure 5c ). When genomic features were compared between without-SNP and with-SNP genes, we found that distance to a TE was significantly higher for the without-SNP genes than for the with-SNP genes (Student's t test, P = 4.33 9 10 À4 ) (Figure 5d ), whereas the GR rate was not significantly different between the groups (Student's t test, P = 0.21) (Figure 5e ). Compared to the with-SNP genes, the GC content of the without-SNP genes was significantly lower 5 and 2 kb upstream but was significantly higher 200 and 100 bp upstream (Table S5) . Interestingly, we found that the TF proportion in without-SNP genes was significantly higher than that in with-SNP genes (v 2 test, P = 3.23 9 10 À8 ) (Figure 5f ).
In contrast to what was observed for the total population of miRNA target genes, we found that when with-SNP genes were considered alone, their SNP density was higher than that of their flanking regions (Student's t test, P < 2.2 9 10 À16 ) ( Figure S7a ). The targeted-by-one, targeted-by-multiple (Figure S7b ), duplicated and singleton ( Figure S7c ) genes all exhibited higher SNP densities than their flanking regions. However, even when the without-SNP genes were omitted, a higher SNP density was not detected for other regions of the miRNA target genes (compared to their flanking regions) when the miRNA binding sequence was excluded ( Figure S8 ). We also investigated the targets of 21 and 22 nt miRNAs, respectively, but no significantly differences were identified ( Figure S9 ).
MIRs co-evolved with miRNA targets during soybean domestication
Nucleotide divergence in miRNAs or miRNA binding sites, which function as partners, will affect their regulation function (Brennecke et al., 2005) . To explore whether their interaction influences the evolutionary rates of miRNAs and miRNA targets during domestication and improvement, we investigated the variation in genetic diversity of each partner in soybean populations. Based on this analysis, the miRNA-target pairs may be classified into four types (Figure 6a ). In type I, neither the miRNA nor the target showed genetic diversity, suggesting that both experienced strong purifying selection. In type II, the miRNA was without-SNP, whereas the miRNA target was with-SNP. In contrast to type II, type III involves a with-SNP miRNA and a without-SNP miRNA target. In type IV, both the miRNA and target showed genetic diversity in the examined populations. Type I was the most frequent type (71%), followed by type III, type II and finally type IV (Figure 6b ). The rate of matching between an miRNA and its target is important for the function of miRNA (Schwab et al., 2005; Rajewsky, 2006) . AllenScore, which mainly reflects the penalties for mismatched bases between an miRNA and its target, is an important measure for evaluating the matching rate between an miRNA and its target (Axtell and Bartel, 2005; Addo-Quaye et al., 2009) . To our surprise, we found that type I pairs had significantly lower AllenScores than the other three types (Tukey HSD test, P < 10 À10 ) (Figure S10) . Consistently, we found that the similarity between miRNAs and their targets was significantly higher in the type I group than in the other groups (Tukey HSD test, P < 10 À10 ) (Figure 6c ).
Subsequently, we calculated allele accumulation at each SNP site in wild soybeans, landraces and cultivars. We determined that, on average, the frequency of the minor allele was significantly decreased from wild soybeans to landraces and to cultivars (Student's paired t test, P < 10 À14 ) ( Figure S11 ), indicating that the miRNAs and their targets had experienced selection during soybean domestication and improvement. Interestingly, further investigation of the SNPs revealed that most of those in miRNAs or in miRNA binding sites are related to their partner's complementary nucleotides (Figure 6d ). For instance, when mature miRNAs contained the SNP A?C, their target genes most often contained the matching nucleotide T or G. These results suggested that SNPs may change the similarity between miRNAs and their targets during soybean domestication and improvement. Detailed analyses showed that, due to SNP variation, some miRNA-target pairs exhibited a continuous increase in similarity in a population during soybean domestication and improvement (Figure 7a ). These miRNA-target partners were termed similarity-increased (S-I) pairs. In contrast, some pairs exhibited a continuous decrease in similarity (Figure 7b ), and were termed similaritydecreased (S-D) pairs. Nevertheless, there were also some pairs that appeared to be similarity-stabilized (termed S-S pairs) (Figure 7c ) or exhibited a complex pattern (termed S-C pairs) (Figure 7d ). S-I pairs were much more common than the other types (Figure 7e ). We found that the similarities in various groups exhibited distinct patterns (Figure 7f) . For example, the initial similarity of S-D pairs in wild soybeans was higher than that of S-I pairs, but this similarity reached a level approximating that of S-S pairs in the improved cultivars. The similarity among S-C pairs was significantly lower than that of the other pairs (Student's t test, P = 7.21 9 10 À3 ). Interestingly, GO analysis revealed that genes related to DNA binding were enriched in the S-I group, whereas genes related to hydrolase activity were enriched in the S-D group ( Figure S12 ), suggesting that the differential selection patterns may be associated with their functions.
DISCUSSION
Since they were first discovered in Caenorhabditis elegans (Lee et al., 1993) , miRNAs have been found throughout the animal and plant kingdoms (Ambros, 2004; Chen, 2005) . Because of their important regulatory roles, the conserva- tion and divergence of miRNAs have attracted great interest, and these aspects have been well studied. Many studies have focused on characterization of miRNAs that are evolutionarily deeply conserved among species or specific to particular species (Axtell and Bartel, 2005; Millar and Waterhouse, 2005; Zhang et al., 2006) . The discovery of a considerable number of species-specific miRNAs in closely related species indicated that miRNAs experience rapid birth and death process (Felippes et al., 2008; Fahlgren et al., 2010; Abrouk et al., 2012; Meunier et al., 2013) . Further studies revealed that MIRs that are conserved across species maintain a relatively slow evolutionary rate (Abrouk et al., 2012; Smith et al., 2015) . In addition, some researchers assessed natural variations within species, and such studies revealed that conserved miRNAs experience stronger purifying selection in both animals (Chen and (f) Similarity variation in various miRNA-target pairs during soybean domestication and improvement. Rajewsky, 2006) and plants (Ehrenreich and Purugganan, 2008; Takuno and Innan, 2011) . To our knowledge, the evolution of miRNAs and their targets during domestication, a process in which wild species are genetically modified into cultivated species (Diamond, 2002) , has seldom been described. Here, we performed a genome-wide investigation of the evolution of miRNAs and their targets during soybean domestication and improvement, and demonstrated that more than half of the miRNAs have experienced strong purifying selection. These results suggested that purifying selection is the predominant evolutionary force driving the evolution of miRNAs in both nature (Ehrenreich and Purugganan, 2008) and during the process of crop domestication. So far, the underlying factors that influence the natural selection of miRNAs have remained unclear. We found that the family size, duplication status and distance to a TE were associated with miRNA evolution. However, our results suggest that all these factors may work via affecting expression. First, our results showed that the nucleotide divergence of miRNAs was negatively correlated with their expression, and the miRNAs that experienced strong purifying selection exhibited higher expression. Second, it is known that, to avoid deleterious consequences (Chen and Rajewsky, 2007) , newly arising miRNAs are initially expressed at low levels (Fahlgren et al., 2007; Lu et al., 2008) . We found that SM miRNAs exhibited lower expression and had higher nucleotide divergence. Thus, the size of the family may also be associated with the expression level. Third, we found that duplicated miRNAs exhibited significantly lower nucleotide divergence than singletons, and the expression of duplicated miRNAs was higher than that of singletons. Previous studies also showed that duplicated protein-coding genes exhibited higher expression than singletons (Yang and Gaut, 2011; Du et al., 2012) , indicating that the effect of duplication on expression may be universal. Therefore, it is possible that the duplication status first affects miRNA expression, which in turn influences selection. Fourth, it has been reported that TE insertion may result in epigenetic changes in the surrounding genome sequence, which in turn represses the expression of flanking genes (Gao et al., 2008; Huda et al., 2011) . Our analysis revealed that miRNA expression is positively correlated with the distance to a TE (Table S3) , and the miRNAs that experienced strong purifying selection have a longer distance to a TE, suggesting that the association between distance to a TE and miRNA purifying selection may also be related to expression. Taken together, our results suggest that the expression level may be essential in determining the purifying selection of miRNAs, and the effects of duplication status and family size as well as distance to a TE on miRNA evolution may be associated with influences on miRNA expression.
The characteristics of expression level, duplication status and distance to a TE not only affected miRNA evolution but also had similar effects on miRNA target gene binding sites. This indicates that miRNAs and miRNA targets may be constrained by similar evolutionary rules during natural selection. However, we did find that miRNAs had significantly higher evolutionary rates than their binding sites. First, although nucleotide divergence was similar in miRNAs and miRNA target flanking regions, miRNAs showed much higher divergence than miRNA targets. Second, the proportion of miRNAs that experienced purifying selection was much lower than the proportion of miRNA targets that experienced purifying selection. Consistently, the number of type III pairs (with-SNP miRNA and without-SNP miRNA target) was higher than that of type II pairs (without-SNP miRNA and with-SNP miRNA target).
However, in contrast to our findings, several independent studies have found that human miRNAs show a relatively low level of variation, although their miRNA target sites show appreciable levels of variation (Saunders et al., 2007; Quach et al., 2009; Barbash et al., 2014) . The contrast between our findings and those reported for humans may be explained by the different modes of target regulation between plants and animals (Axtell and Bowman, 2008) . In animals, 6-8 bases of perfect complementarity are sufficient for miRNA-mediated regulation (Rajewsky, 2006) ; however, near-perfect complementarity across the entire miRNA is required in plants (Schwab et al., 2005) .
Mature miRNAs repress the expression of their targets by binding to complementary sequences (Carrington and Ambros, 2003; Ambros, 2004; Bartel, 2004; Chen, 2005) . Therefore, evolution of miRNAs cannot occur in isolation, and indeed is intimately intertwined with the evolution of miRNA targets. We found that miRNAs with multiple targets were more likely to experience a higher degree of natural selection than no-target or one-target miRNAs, suggesting that the interaction between an miRNA and its targets is another important factor influencing miRNA evolution.
Furthermore, this interaction may also play an important role in artificial selection during domestication and improvement. Interestingly, we found that the miRNA-target pairs that experienced strong purifying selection showed significantly higher similarity compared to other pairs, and allelic selection in soybean domestication and improvement is strongly associated with their similarity variation. We also found that accumulation of some alleles during domestication and improvement increased the similarity between miRNAs and their targets, whereas some alleles decreased the similarity. Studies have demonstrated that mutations, even a single SNP, in the match site between the miRNA and its target may abolish miRNA repression (Brennecke et al., 2005) , which in turn may result in fatal diseases (Abelson et al., 2005; Clop et al., 2006) or developmental abnormalities (Gottwein et al., 2006; Jones-Rhoades et al., 2006; Ambros and Chen, 2007; Li and Mao, 2007; Zhang et al., 2007) . Domestication involves the genetic modification of functional units, during which many traits are artificially selected to meet human needs. Nucleotide divergence that results in similarity variation between an miRNA and its target may be related to the establishment of traits. Surprisingly, although different levels of similarity between these two groups were found in wild soybeans, similar levels were found in improved cultivars. However, it is still not clear whether this occurs accidently or follows certain rules. We believe that further functional assays of these pairs in the future will shed light on their roles in crop domestication and improvement.
In summary, through comprehensive investigation of the genetic diversity and selection of various categories of MIRs and miRNA targets, our results demonstrate the evolutionary patterns of miRNAs and their targets during soybean domestication, and reveal that expression and miRNA-target interaction are important to their co-evolution.
EXPERIMENTAL PROCEDURES
Functional miRNA identification
Previously, we sequenced 23 miRNA libraries using tissues from various growth stages (GEO accession number GSE72902), and identified 28 281 MIR-like hairpins (Zhou et al., 2013) . However, most had evolved into pseudo-MIRs and had lost their activity. To identify functional miRNAs, MIREAP (http://sourceforge.net/projects/mireap/) was used to evaluate the pairing of mature miRNA and miRNA*. The abundance of miRNAs identified in each library was normalized to transcripts per five million (TP5M), and those with an overall summed abundance TP5M ≥ 5 were analyzed further. To avoid expression bias caused by copy number, we normalized the expression by dividing by the copy number as previously reported (Zhou et al., 2013) .
In total, 3933 miRNAs were determined to be potentially functional miRNAs. We found that 203 pairs overlapped in the genome. These pairs were determined to be isomiRs (Guo and Lu, 2010; Song et al., 2011; Tan et al., 2014) and were integrated into 203 miRNAs. Moreover, there were 362 predicted miRNAs with atypical structures, including 79 mature miRNAs located in a loop region ( Figure S13a ) and 283 MIRs with a nested structure (Figure S13b, c) . In addition, we found that 67 of these MIRs were not located on soybean (Glycine max) chromosomes. All of these non-typical MIRs were excluded from our analysis. In total, 2787 MIRs were determined to be functional and were used for further analysis.
MIR family classification and duplicated MIR identification
There are 518 soybean MIRs in miRBase (version 20) , and 377 of them have been classified into 79 defined families (Kozomara and Griffiths-Jones, 2011) . To classify the MIRs we identified into defined families or new families, the mature miRNA sequences were used as queries to search against each other using BLASTN with default parameters (Altschul et al., 1997) . The MIR family classification followed previous reported criteria ( Griffiths-Jones, 2003; Li and Mao, 2007) . We first classified the MIRs into the 79 defined MIR families; then we classified MIRs that could not be classified into the existing families into new MIR families. A total of 1475 MIRs were assigned to 403 MIR families (termed MM MIRs), whereas 1312 MIRs could not be assigned to any families (termed SM MIRs).
We used previously identified duplicated protein coding genes in duplication blocks of the soybean genome (Schmutz et al., 2010; Du et al., 2012) as markers to search for duplicated MIRs. We defined MIRs as duplicates if they were surrounded by two duplicated protein-coding gene pairs and both of them were in the same MIR family (Jiang et al., 2006; Zhao et al., 2015b) . In total, 111 duplicated MIR pairs were identified.
miRNA target identification
Twelve tissues from various growth stages of the Glycine max L. Merr. cultivar Williams 82 were collected (Table S2) , and total RNA was extracted using TRIzol reagent (Invitrogen, http:// www.thermofisher.com/cn/zh/home/brands/invitrogen.html). The 12 RNA samples from various developing stages were grouped into four mixed samples and used for degradome library construction, as previously described (German et al., 2008 (German et al., , 2009 Meng et al., 2010) . Degradome sequencing was performed using an Illumina HiSeq 2000 analyzer (http://www.illumina.com). The raw data were pre-processed to remove both the 5 0 and 3 0 adaptors using Cutadapt version 1.4.2 (Martin, 2011) . The reads from these four degradome libraries were combined and used to identify miRNA targets using the CleaveLand4 pipeline (Addo-Quaye et al., 2009). All alignments with a category ≥3 and a P value ≤0.05 were considered to be candidate targets.
Estimation of GR rate
The GR rate was estimated using MareyMap (Rezvoy et al., 2007) . A total of 3873 markers from the genetic map of soybean (http://soybase.org/) were used in this analysis.
SNP density and miRNA-target pair similarity analysis SNP density was calculated as previously described (Chen and Rajewsky, 2006) . The SNP data were obtained from 302 resequenced accessions described previously (Zhou et al., 2015) . We calculated the similarity of miRNAs and their targets by counting the matched nucleotides and dividing by the length of the alignment (Needleman and Wunsch, 1970) .
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